Objective: Pharmacokinetic and pharmacodynamic data after recombinant human GH (rhGH) administration in adults are scarce, but necessary to optimize replacement therapy and to detect doping. We examined pharmacokinetics, pharmacodynamics, and 20 kDa GH after injection of rhGH at different doses and routes of administration. Design: Open-label crossover study with single boluses of rhGH. Methods: Healthy trained subjects (10 males, 10 females) received bolus injections of rhGH on three occasions: 0.033 mg/kg s.c., 0.083 mg/kg s.c., and 0.033 mg/kg i.m. Concentrations of 22 and 20 kDa GH, IGF-I, and IGF-binding proteins (IGFBP)-3 were measured repeatedly before and up to 36 h after injection. Results: Serum GH maximal concentration (C max ) and area under the time-concentration curve (AUC) were higher after i.m. than s.c. administration of 0.033 mg/kg (C max 35.5 and 12.0 mg/l; AUC 196.2 and 123.8). C max and AUC were higher in males than in females (P!0.01) and pharmacodynamic changes were more pronounced. IGFBP-3 concentrations showed no dose dependency. In response to rhGH administration, 20 kDa GH decreased in females and remained suppressed for 14-18 h (low dose) and 30 h (high dose). In males, 20 kDa GH was undetectable at baseline and throughout the study. Conclusions: After rhGH administration, pharmacokinetic parameters are mainly influenced by route of administration, whereas pharmacodynamic variables and 20 kDa GH concentrations are determined mainly by gender. These differences need to be considered for therapeutic use and for detection of rhGH doping. Figure 2 Serum concentration of 20 kDa GH after administration of rhGH at three different dosages; (A) males, (B) females. Values are median with the interquartile range (Q1-Q3).
Introduction
In growth hormone (GH)-deficient adult patients, subcutaneous (s.c.) administration of recombinant human GH (rhGH) at a fixed dose results in less pronounced effects in females than in males (1) (2) (3) . This is thought to be at least partly due to modulation of hepatic insulin-like growth factor-I (IGF-I) generation by endogenous and exogenous estrogens (4, 5) . In addition, male and female patterns of fat distribution differ substantially and could potentially be associated with differences in absorption from the injection depot of rhGH (6, 7) . The administration route in early studies of rhGH was by intramuscular (i.m.) injection; sex differences were not noted but these studies were in children who would not have developed adult differences between the sexes. The route was changed to the current standard of s.c. injection due to patient preference, but there were differences in absorption characteristics noted between the two routes of administration (8, 9) . While pharmacokinetic data have been reported from early studies in children (8, 10) , literature reports of pharmacokinetics in adults are scarce (11) .
Unfortunately, rhGH has been misused, particularly in sport, and the methods to uncover such misuse have limitations (12, 13) . Exogenously administered rhGH is structurally identical to endogenous 22 kDa GH, which is the isoform predominantly secreted in humans (14, 15) . The most commonly used GH immunoassays recognize equally the 22 kDa isoform and the 20 kDa GH, which results from alternative splicing. It was suggested that development of immunoassays that could differentiate between the isoforms could be used to assess misuse of rhGH (15) .
The current study was designed to investigate the pharmacokinetics and pharmacodynamics of rhGH in recreationally trained adults after single dose injections via s.c. and i.m. routes and to assess differences between males and females. Pharmacokinetics of the 22 kDa isoform were determined and pharmacodynamics were assessed from changes in the serum concentrations of the 20 kDa isoform, IGF-I, and IGF-binding proteins (IGFBP)-3.
Subjects and methods

Subjects
Ten males and ten females were selected from a cohort of 50 healthy young adults based on the level of sport activities. Inclusion criteria were: aged 18-35 years, body mass index (BMI) 19-27 kg/m 2 , regular physical exercise at least three times per week and, in females, continuous use of oral contraceptives. Subjects were excluded if they had any chronic illness, took any medications known to interfere with endocrine function or reported any previous use of rhGH. Before entering the study, a full physical examination was performed and blood was taken for routine biochemistry, hematology, fasting blood glucose, and liver enzymes. The local ethics committee of the University of Leipzig, Germany, approved the protocol. All subjects gave written informed consent and the study was conducted in accordance with the principles of the Declaration of Helsinki and the guidelines of good clinical practice.
Study design
The study used a randomized crossover design. Subjects were admitted to our clinical research unit for the three study periods, each starting at 0600 h after an overnight fast. Intravenous catheters were inserted in an antecubital vein and blood samples were drawn at 60 and 0 min (baseline) before rhGH administration then at 2-h intervals for the following 36 h. At 0 h, rhGH (Humatrope, Eli Lilly) was administered as a bolus of either 0.033 mg/kg body weight s.c., 0.083 mg/kg s.c. or 0.033 mg/kg i.m., according to a previously defined randomization scheme. Over the three study periods, each patient received each of the three rhGH doses in randomized order; patients were blinded regarding the low and high s.c. doses. Study periods were separated by a washout of 4 weeks to synchronize with the menstrual cycle in females.
Hormone measurements
Serum GH concentration was assayed by two sandwich immunoassays. Assay 1 (mAb 3B4/biotinylated mAb 10A7) utilized a capture antibody, which preferentially recognizes the monomeric 22 kDa isoform of GH, which is identical to rhGH and the lower detection limit was 0.1 mg/l (12) . Intraassay coefficients of variation were 6.5 and 4.8% at concentrations of 0.8 and 6.2 mg/l respectively. Interassay coefficients of variation at the same concentrations were 8.2 and 6.1% respectively (12) . Assay 2 was used for measuring the 20 kDa GH isoform using two monoclonal antibodies with no cross-reactivity to 22 kDa GH; intra-and interassay coefficients of variation were 5.4 and 7.5% at 1 mg/l and the limit of quantification was 0.05 mg/l (13) . Assay 1 is referred to as '22 kDa GH' while assay 2 is referred to as '20 kDa GH'.
Serum IGF-I was measured by an automated chemiluminescence immunoassay (Nichols Advantage IGF-I, Nichols Institute Diagnostics, San Juan Capistrano, CA, USA) using acidification and IGF-II excess to eliminate interference from IGFBP. Serum IGFBP-3 was analyzed by a RIA described previously (16) . All serum samples were stored at K20 8C until analysis.
Calculation of pharmacokinetic and pharmacodynamic parameters
Pharmacokinetic parameters were estimated using standard noncompartmental analyses with the Win-Nonlin pharamacokinetic software version 4.01 (Pharsight Corp., Mountain View, CA, USA).
Area under the time-concentration curve (AUC last ) was defined as the area under the curve from the time of dosing to the last measurable concentration, calculated using the linear trapezoidal rule. AUC inf was calculated by extrapolation to infinity using the terminal half-life (t 1/2z ) estimated with log-linear regression (AUCZ AUC last CAUC inf ). Mean residence time (MRT) was estimated as the area under the first moment curve (AUMC) divided by AUC. Apparent plasma clearance (CL/F) was defined as the ratio of dose injected and AUC, and apparent volume of distribution (V z /F) was calculated as (CL/F)/l z (17) .
Instead of total AUC, the increase of IGF-I or IGFBP-3 above baseline levels was used for calculating the parameter DAUC 0-36.
Statistical methods
Data are given as meanGS.D. or as median and interquartile range (Q1, Q3). The GH concentrations below the detection limit of the assays were assigned to 0 mg/l. Comparisons between sexes, dosages, and routes of administration were performed with the Wilcoxon test or the non-paired U-Mann-Whitney test as indicated. Spearman rank correlation with two-tailed probability values was used to test the association between the variables. Statistical significance was assumed for P!0.05. All statistical calculations were performed with Excel version 8.0 and SPSS version 11.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Baseline characteristics
Baseline characteristics of the study subjects are shown in Table 1 . Both 22 and 20 kDa GH at baseline were significantly higher in females than in males. In contrast, baseline serum IGF-I levels were significantly lower in females than in males. Differences between females studied in the follicular phase and in the luteal phase were not significant (data not shown). Figure 1A depicts serum concentration profiles of 22 kDa GH over time in males and females by rhGH dose and route of administration. The pharmacokinetic parameters ( Table 2) were not correlated with age or BMI at any dose or route of administration.
Pharmacokinetics
When the same rhGH dose (0.033 mg/kg) was administered, a significantly higher 22 kDa GH peak maximal concentration (C max ) and AUC were observed with the i.m. compared with s.c. route in males but not females. There was no difference between males and females for C max and AUC with s.c. rhGH, irrespective of the dose. In contrast, after i.m. administration mean C max and AUC were significantly higher in males than females, with a concomitantly lower CL/F in males. MRT was shorter in males than females in the low-dose group, irrespective of route of administration. Figure 1B and C show the time course of serum IGF-I and IGFBP-3 concentrations in males and females by rhGH dose and route of administration. Subjects with higher baseline IGF-I concentrations showed a greater response to rhGH than those with a lower baseline concentration (P!0.01); this association was observed at all three study periods.
Pharmacodynamics: IGF-I and IGFBP-3 responses
The increase from baseline integrated over time (DAUC 0-36) was higher with the high dose for both IGF-I and IGFBP-3. There were no significant differences for IGF-I or IGFBP-3 parameters between s.c. and i.m. routes with the same rhGH dose. T max for serum IGF-I differed between males and females in the high-dose group. IGF-I DAUC 0-36 showed a clear sex difference at the low dose, with higher values in males compared with females; this was independent of the route of administration. At the high dose, the difference between the sexes was not significant. IGFBP-3 DAUC 0-36 was significantly higher in males than females at the low s.c. dose, while at the high s.c. dose similar values were observed ( Table 3) .
Pharmacodynamics: 20 kDa GH
At baseline, 20 kDa GH was detectable in all women in all three study periods; rapid suppression occurred after injection of rhGH (Fig. 2) . In females, mean 20 kDa GH levels decreased from 0.4 at baseline to below 0.2 mg/l within 2 h after injection of rhGH. Duration of 20 kDa GH suppression in females was dose dependent; reoccurrence of 20 kDa GH secretion was observed in the low-dose s.c. group after 26 h, in the low-dose i.m. group after 28 h, and in the high dose s.c. group after 34 h. In contrast, in males 20 kDa GH levels were close to or below the lower limit of quantification (0.05 mg/l) of the assay at baseline and throughout the observation period. 
Interdependence of pharmacokinetics and pharmacodynamics
The relationship between AUC for 22 kDa GH and DAUC 0-36 IGF-I was investigated by regression analysis. Combining all three study periods, the data sets (nZ30 per sex) showed normal distribution (Kolmogorov-Smirnov test, P!0.05), thus allowing application of a linear regression model. A significant (P!0.05) correlation was found between bioavailable GH and induced increase in IGF-I in both sexes, particularly with the high dose. At low GH AUC values, males showed higher IGF-I DAUC 0-36 than females; this difference was not seen at higher GH AUC values.
Adverse events
The most frequent adverse event was diarrhea occurring within 24 h after rhGH in six subjects receiving high dose and two subjects receiving low-dose s.c. injections. In four of the six subjects from the high-dose group, diarrhea was accompanied by moderate dizziness. Symptoms spontaneously ceased by the end of the study period (36 h). These episodes of diarrhea were not related to any identifiable causes such as dietary issues or gastrointestinal infections. Three subjects experienced enhanced sweating without obvious relation to the dose. One subject presented with decreased blood pressure, dizziness and vomiting 24 h after administration of the high dose; the symptoms resolved within 6 h. No edema was observed, and neither arthralgia nor headache was reported.
Discussion
The present data demonstrate that gender, dose and route of administration specifically alter bioavailability of and response to exogenous rhGH in healthy young adults. Pharmacokinetic variables were mainly influenced by the route of administration, whereas pharmacodynamic responses were primarily determined by sex. Furthermore, suppression of the 20 kDa GH isoform after injection of rhGH could be demonstrated only in women; 20 kDa GH levels in males were already low at baseline. We assessed trained, but not elite level, subjects and highly trained individuals may respond differently to rhGH administration. With no exogenous rhGH, reduced serum IGF-I and IGFBP-3 concentrations have been reported during intense training (18, 19) . The dose of rhGH used in this study was supraphysiological, because it can be assumed that illegal use by athletes will be at high doses (20) . Physiological rhGH replacement in GH-deficient adults requires approximately one-third to one-fifth of the dose used in this study (21) . Despite the high rhGH doses, we observed few of the side effects previously described in adults with GH deficiency (22, 23) . However, a high frequency of diarrhea was seen, particularly after administration of the high rhGH dose. We found no explanation in regard to diet or gastrointestinal infections, and speculate that fluid regulation disturbances induced by the high dose could have caused the diarrhea (24) .
C max and AUC were higher after i.m. than s.c. injection of the identical dose, in accordance with previous reports (25) indicating that serum GH after i.m. injection shows a higher amplitude and shorter duration compared with s.c. injection. Significant differences between males and females were found for GH C max and AUC after i.m., but not s.c. injection. Although one could have expected a higher t 1/2z after s.c. administration in women, due to the higher s.c. fat (26) , t 1/2z was not affected by gender, perhaps because the women in the study were trained and lean. The increase in IGF-I was positively correlated to baseline concentration, and was not affected by route of administration. Compared to IGFBP-3, the increase in serum IGF-I was faster and more pronounced, consistent with previous publications indicating that the ratio of IGF-I/IGFBP-3 increases immediately after rhGH injection (27) . The increase in IGFBP-3 was delayed, not clearly dose dependent and did not return to baseline during the observation period, confirming that IGF-I is a more sensitive marker of GH action in trained adults than IGFBP-3.
The increase in IGF-I, but not the increase in IGFBP-3, shows a marked sexual dimorphism. Integrated IGF-I release after rhGH injection was significantly higher in males than females, whereas T max and C max did not differ between sexes. IGF-I and IGFBP3 response is higher in males at low dose. However, it might be the case that the high dose of rhGH being a stronger stimulus also evokes a higher response in females. The difference between sexes is of course most likely due to the influence of estrogens, as all females were on oral contraceptives. No clear difference was seen in IGF-I response but the study was not specifically designed to investigate the impact of estrogens. It has been proposed that use of oral estrogens interferes with hepatic IGF-I production, but women not using estrogen supplementation also exhibit a lower IGF-I response than males (1) . Studies in animals indicate that complex mechanisms, including modification of hepatic GH receptor expression, lead to the sexual dimorphism in the somatotropic axis (28) . In contrast to serum GH concentrations, IGF-I and IGFBP-3 concentrations did not return to pre-treatment levels within the observation period, supporting the idea of use of these markers to detect doping with rhGH (13, 27, 29) .
The existing studies on the relationship between 22 kDa and 20 kDa isoforms suggest that the secretion is a part of constant percentage of total GH. Therefore, the lower 20 kDa level and the long-term suppression in males seem to be a consequence of the lower total GH concentration. The 20 kDa GH isoform was also suppressed in females after administration of rhGH, consistent with a negative feedback of exogenous rhGH on pituitary GH secretion; the duration of suppression was dose dependent and re-occurrence of 20 kDa in the circulation was seen 26-28 h after low-dose rhGH and 34 h after high dose rhGH. The prolonged changes provide further evidence that the GH isoform pattern can be used to detect the administration of rhGH in females. With the assay method used in this study, 20 kDa GH levels in males were almost undetectable, making it impossible to demonstrate further suppression. Thus, more sensitive assays to quantify the amount of 20 kDa GH are necessary.
In summary, our data show that in healthy trained adults, responsiveness to rhGH administration is regulated by a variety of factors. Pharmacokinetic parameters are mainly influenced by the route of administration, with higher GH C max and AUC after i.m. injection, while pharmacodynamic parameters are mainly determined by gender. These differences need to be considered when decisions are made regarding therapeutic dosing with rhGH. Changes in the molecular isoforms in circulation after injection of rhGH show that in females, measurement of 20 kDa GH could be a useful parameter to detect rhGH doping in athletes.
